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A B S T R A C T
Archiving of biological specimens is important due to the importance of reanalysis of already prepared
MALDI MS samples or simultaneuous analysis of a sample series. Proteins/peptides and digests were
prepared formeasurement on a polymer-basedmetal nano-coatedMALDI target and subjected to various
storage conditions (80 C to RT) in a vacuum-sealed pouch and at atmosphere for 6months. TheMS data
gathered from these preparations illustrate trends in the aging of different samples and to ﬁnd optimal
storage conditions (20 or80 C in low oxygen environment). The disposable/low cost target proved to
be a suitable platform for storage and MALDI MS.
ã 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Long time storage of biological samples is a very difﬁcult but
nonetheless essential aspect of bioanalytical processes [1,2]. While
some analytes (e.g., polymers) are very resilient to degradation
(oxidation [3], dehydration, . . . ) and can be stored at ambient
conditions for a long time, other substances, especially biomole-
cules, are of a completely different nature as they react strongly to
changes of pH, composition of the solvent, radiation and
temperature, altering the primary (e.g., hydrolytic cleavages,
deamination of Asn), secondary (irreversible damage) and/or
tertiary structure (reversible damage) [4] thus possibly losing the
activity of a given protein due to changes to the active site [5]. In
any case, degradation is always a factor when dealing with
biopolymers such as proteins [6,7] and peptides, which is why
great care has to be takenwhen considering storage conditions for
such biological samples [8–10].
Especially biomolecules [11,12] like peptides and even proteins
furthermore tend to be adsorbed to the inner walls of the sample
containers, lowering the concentration of the analytes even more
along with changing the composition of the sample. Solutions to
this problem exist in the form of low binding surfaces meant to
keep the sample materials from adhering to the surface. This,
however, becomes irrelevant when the analyte sample is stored
with, e.g., MALDI MS matrix and possibly additives directly on the
MALDIMS target. Themain reason to store partly consumedMALDI
MS preparations is the possibility to perform reanalysis without
any newcritical preparations for example to performMS/MS in the
high energy CID mode or post source decay fragmentation.
Furthermore, the subsequent direct analysis of samples collected
at different time points from, for example, 2D gel electrophoresis
done at different times, i.e., collect all samples, prepare samples on
MALDI targets, store these targets and then perform all MALDI MS
analysis at once. The emergence of newand cheapmaterials [13,14]
for MALDI MS targets allows the use of these as disposable targets,
which avoids the problem of carryover from previously measured
samples and is also a very inexpensive way to archive large sample
batches. Possible scenarios where such a need might arise include
large-scale proteomics projects based on 2D gel electrophoresis,
tissue samples in medical diagnostics or environmental samples.
Controversial or data-analyzed samples can be re-analyzed (due to
the fact that MALDI MS usually is not consuming the complete
sample preparation) at a later time if the need arises, for example
determination of a post translational modiﬁcation by MS/MS or
gain of new knowledge about the biological experiment. Here, the
specimen would ideally be in a state very close to the ﬁrst
measurement.
The storage conditions chosen for long term archiving include
worst (maximal change) and best case scenarios (minimal or no
changeatall)asbaselinesagainstwhichtocomparetheeffectiveness
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of the storage protocol. The worst case scenario here resembles
storage of samples under normal ambient conditions (access to
atmosphere (oxygen, humidity) and room temperature (RT)),
whereas the best case scenario would be 80 C without contact
to the normal atmosphere.
2. Experimental
2.1. Chemicals
a-Cyano-4-hydroxycinnamic acid (CHCA) matrix solution (Agi-
lentTechnologies,G2037A,solutionof6.2mgCHCA/mLinmethanol:
acetonitrile (ACN) :H2O(36:56:8, v/v/v)),2,5-dihydroxybenzoicacid
(DHB, Fluka, 85707; 20mg/mL in ethanol:H2O (1:1, v/v)), ferredoxin
(Sigma–Aldrich, F2513, from Spirulina, 1mg/mL (95.24nmol/mL) in
H2O), bovine serum albumin (Sigma–Aldrich, A2153, BSA,1mg/mL
in H2O), g-globulins (Sigma–Aldrich, 49030, 2mg/mL in 0.01%
aqueous TFA), fetuin (Sigma–Aldrich, from fetal calf serum),
ovalbumin (Sigma–Aldrich, from chicken egg white), peptide
calibration mix (angiotensin I (Sigma–Aldrich, A3178; [MH]+,m/z
1296.69), [Glu1]-ﬁbrinopeptide B (Sigma–Aldrich, F3261; [MH]+m/
z 1570.68), N-acetyl renin substrate (Sigma–Aldrich, R5380; [MH]+
m/z 1800.94), ACTH 1-17 (Sigma–Aldrich, A2407; [MH]+ m/z
2093.09) and ACTH 18-39 (Sigma–Aldrich, A0673; [MH]+ m/z
2465.20) were at a concentration of 100 fmol/mL in ACN:0.1%
aqueousTFA (1:1, v/v),whereasACTH7-38 ([MH]+m/z3657.93)was
present in the mix at 150 fmol/mL), ACN (Merck, 100003, p.a.,
analytical grade), ethanol (Merck,100983, absolute, p.a.), triﬂuoro-
acetic acid (TFA, Riedel-de-Haën, 61030), denaturing buffer (6M
guanidinium hydrochloride (Sigma–Aldrich, G4505), 0.5M Tris–
HCl, 2mM EDTA, pH 8.0), DL-dithiothreitol (Fluka, 43819),
iodoacetamid (Sigma–Aldrich, I6125), water (from reverse osmosis
facility and further puriﬁed with Simplicity system (Millipore),
18.2MV1 cm at 25 C). This water quality was used in all
applications.
2.2. MALDI MS targets
Disposable polymer target (FlexiMass-DS, TO-430, Shimadzu
Biotech-Kratos Analytical) were manufactured by Sony DADC
Austria. The device consists of carbon black particle ﬁlled
polypropylene with a stainless steel nano-coating on upwards
facing side of about 300nm. The format used for the targets is
based on the microscope slide format with following dimensions:
76.2261.6mm. A microtiter plate sized target holder (Preci-
sion adapter, Shimadzu Kratos Analytical) was used for carrying
the target on the sample stage, which is introduced into theMALDI
MS ion source. Up to four targets can be ﬁxed onto the target holder
and introduced afterwards simultaneously into the vacuum system
of the MS.
2.3. MALDI mass spectrometry
Positive ion MALDI mass spectra were obtained by means of an
Axima CFRplus, instrument (Shimadzu Kratos Analytical) in the
linear (proteins) or reﬂectron (peptides and PMF)mode. The device
uses a nitrogen laser (337nm) at a pulse rate of 20Hz at an average
ion source pressure of 1.6107mbar. All data was recorded
automatically to eliminate operator inﬂuence, i.e., all sample
positions were programmed into the device’s acquisition software
which then measured all of 48 sample preparations per target
automated. The positioning of the target stage was recalibrated
before the ﬁrst data acquisition was performed on every
measurement day. The digest calibration was performed via the
peptide calibration mix. For the known stock analytes (peptide
calibration mix and proteins) their molar mass according to
literature was used for calibration.
2.4. Automated MS measurement of proteins
Proteins were measured in positive linear mode in the m/z
range from 2,000 to 70,000 for ovalbumin, 2,000 to 50,000 for
ferredoxin, and 2,000 to 200,000 for g-globulin, respectively, with
laser irradiance set to 120 a.u. (arbitrary unit, with a maximum of
180). Recorded mass spectra consisted of the average of 673 single
proﬁles recorded in a circular raster with 1.5mm diameter and a
spacing of 55mmbetween laser spots. Pulsed extractionwas set to
m/z 44,000 for ovalbumin, 11,000 for ferredoxin and 180,000 for
g-globulin. Savitsky–Golay algorithm [15] was applied for
smoothing of the acquiredmass spectra (20 channels). No baseline
subtraction was performed. The best mass spectrum (in terms of
highest signal intensity and most symmetric peak shape) out of
three measurements of different preparations was used for
interpretation.
2.5. Automated MS measurements of protein digests and peptide
calibration mix
Mass spectra of digests were performed in positive ion
reﬂectron mode between m/z 300 and 5,000 with laser irradiance
set to 55 a.u.. Acquired mass spectra were comprised of an average
of 571 single proﬁles recorded in a circular raster with a diameter
of 1.5mm and a spacing of 60mm between laser spots. Pulsed
extraction was set to m/z 2400. Neither smoothing nor baseline
subtraction were applied. The best mass spectrum (in terms of
highest signal intensity) out of three measurements of different
preparations was used for interpretation.
2.6. Peptide mass ﬁngerprinting
For peptidemass ﬁngerprinting (PMF) all peaks were annotated
and picked manually (all peaks between m/z 600 and 2800 with a
signal-noise-ratio of at least 10:1; mass spectrometric settings
were according to the described measurements for protein
digests). From the peak list eliminated were all known contam-
inations [16] derived from the MALDI MS matrix, alkali adducts,
water cleavages, keratin and autotryptic digestion. The ﬁltered list
was entered into a MASCOT (Matrix Science) database query [17]
(version 2.3.02, database SwissProt, enzyme trypsin, up to 1missed
cleavage, ﬁxed modiﬁcation: carbamidomethyl, peptide tolerance:
0.5Da, m/z values [MH]+, monoisotopic, taxonomy: mammalia).
Detailed score values, sequence coverages, number of peaks
searched and number of peaks of the highest scoring result were
listed in supplement.
2.7. Protein digestion procedure [18]
About 1 nmol protein to be digested (BSA and fetuin, separate)
was dissolved in 75mL denaturing buffer. The solution was then
incubated at 37 C for 30min in a thermomixer and 50 times the
molar amount DTTadded. Again, incubationwas carried out for 1h
at 37 C. The reduced protein was then cooled in ice and
iodoacetamide in excess of the SH groups present added. The
mixture was then incubated for 1h at RT in the dark. The sample
was then cleaned up with a MicroSpin G-25 column (GE
Healthcare), diluted in equal volumes with 100mM ammonium
hydrocarbonate solution and 500ng trypsin (Roche) added. The
digestion was performed overnight at 37 C and the digested
protein solution then dried bymeans of the vacuum concentration
centrifuge. The resulting dried sample was then redissolved in
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25mL ACN/0.1% TFA solution (1:1, v/v) prior to MALDI MS sample
deposition.
2.8. Preparation and storage of samples
1mg/mL solutions of ferredoxin and ovalbumin and a 2mg/mL
solution of the g-globulins as well as 1:10 (v/v) and 1:100 (v/v)
dilutions with water thereof were mixed in same volumes with
DHB matrix solution. 1mL of these mixes were then spotted on
31 targets (5 storage conditions for 6 measurement days plus one
for the reference on day zero) three times per target and allowed to
dry at RT. In terms of absolute amount of protein on target, the
undiluted solution comes to 47.2 pmol ferredoxin, 11.7 pmol
ovalbumin and 6.9 pmol g-globulin, with a tenth of that for the
1:10 (v/v) dilution, resulting in 4.7 pmol ferredoxin, 1.17pmol
ovalbumin and 690 fmol g-globulin on target per preparation.
100 fmol/mL and 20 fmol/mL peptide calibrationmixes and 1:10
(v/v) dilutions (in ACN: 0.1% aqueous TFA (1:1, v/v)) of the protein
digests were mixed in equal volumes with CHCA matrix solution.
0.5mL of these mixes were then pipetted on the 31 targets from
above three times per target and allowed to dry at RT.
One target box was vacuum sealed with a Max-DD (Boss)
device. Targets were placed in microscope slide boxes which in
turnwere placed inwater and airtight pouches (Fig. 1). These were
positioned enveloping the nitrogen nozzle to ensure a complete as
possible ﬂush of oxygen. The device was then evacuated for 30 s
and ﬂushed with nitrogen (99.999% AirLiquide) for 2 s (pressure
was regulated to approximately 4 bar on the gas cylinder). Sealing
was applied for 1.6 s to ensure a thorough weld.
BSA and fetuin digests were used undiluted (40pmol/mL
theoretical amount without considering any loss during digestion
process and 100% digestion efﬁciency) as well as diluted by the
factor of 10 andmixed in equal volumeswith CHCA solution. 0.5mL
of these mixes were then pipetted onto the 31 targets three times
per target and allowed to dry at RT.
24 of the targets were sealed in water- and air-tight pouches
under vacuum and ﬂushed with nitrogen. For each storage
temperature (80 C, 20 C, +4 C and RT) six targets were
selected and stored. Additionally 6 targets were stored without a
pouch at RT with access to the lab atmosphere as a reference
(considered asworst case). The remaining 31st targetwas used as a
reference for day zero and measured immediately. Targets – one
per storage condition – were taken out of storage in a roughly
monthly timeframe (26, 61, 87, 117, 153 and 181 days) for six
months.
3. Results and discussion
3.1. Peptide mixture
The peptides in the peptide calibrationmixwere chosen for their
known stability in storage and goodmass spectrometric response—
they do not contain methionine or any disulﬁde-bond and are not
susceptible to easy hydrolysis. Our investigations found that this is
only valid in part. The 100 fmol/mL peptide mix yielding 25 fmol
absoluteamountontargetexhibitedvirtuallynosignsofdegradation
at 20 and 80 C. Samples stored on a target that was archived at
+4 C showed small signs of water loss from [Glu1]-ﬁbrinopeptide B
that aggravated at samples stored at RT, with no difference if the
target was in a sealed pouch or not. In these two instances, this
phenomenon was so pronounced that the intensity of the [MH–
H2O]+ ionwas even higher than the intensity of the [MH]+ peak after
153 days of storage. The loss ofwater originates from the cyclization
of the N-terminal glutamic acid in [Glu1]-ﬁbrinopeptide B [19].
Apart from that, no relevant peak deterioration was found for the
100 fmol/mL mix. The 20 fmol/mL peptide mix (resulting in 5 fmol
peptidemixon target) exhibited a steady but slow increase in noise
level as can be seen in Fig. 2. Interestingly, here the water loss
described earlier was only found at samples stored at RT. No valid
data could be acquired from measurements performed on the
targets stored at20 C (sealed) and RT (open) on the 117th day, as
all three preparations (per storage condition) proved unusable
(possiblynon-optimal crystallization). A trend, however, can still be
seenevenwithout these twomass spectra. The twotargets storedat
RT(sealedandopen)alsodisplayedsteadilyrisingnoise level,which
in these cases also go hand-in-hand with loss of peptide intensity,
leading to the loss of signal from peptide ACTH 1-17 atm/z 2093.09
after 117 days.
Concluding this observation, it is clear that some peptides are
more prone to degradation than others, as shown for [Glu1]-
ﬁbrinopeptide B. This loss is heavily inﬂuencedby temperature. This
effectwas observed at high aswell as at lowpeptide concentrations.
Therefore it is recommendable – and as has been shown to be
possible – to store peptide samples on target at temperatures below
20 Candsealed inapouchtoavoidcondensation,oxidation, lossof
water and deamination. For these conditions, no change was
observed in the peptide pattern in the six months timeframe of
the experiment.
3.2. Proteins
Results for proteins were surprising as the data revealed that
the analytes were very stable until the end of the testing even
when not stored refrigerated. The undiluted ovalbumin solution
yielded very well discernible peaks with little difference to the
mass spectra acquired on day zero for all storage conditions, even
RT. The diluted solution, on the other hand, displayed peaks that
were still recognizable, but on the brink of disappearing, i.e., at the
limit of detection without search for a sweet spot. The strongest
signals here, however, were found on the targets stored at 80 C.
Ferredoxin samples did not show any degradation trend at all and
thus did not prove to be a good indicator for stability tests.
Ferredoxins are iron and sulfur containing proteins, thus it was
assumed to observe different aging products compared to the
glycoprotein ovalbumin. This was not observed. Neither additional
peaks nor signiﬁcantly increased noise was found (Fig. 3).
Oxidation products might be found in the high m/z tailing of the
ferredoxin molecular ion peak. The protein proved to be stable for
the whole timeframe of the experiment and at all temperatures
samples were stored at. Both undiluted and 1:10 diluted protein
sample gave very similar results. Literature search indicate that
[(Fig._1)TD$FIG]
Fig.1. MALDIMS targets stored in the container in a sealed, nitrogen-purged pouch
(left) and in an open container (right) at RT.
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ferredoxin is rather stable in the presence of even small amounts of
salt [20], which might have happened in our preparations.
Signiﬁcant differences in sample degradation, however, were
found for the g-globulin. Fig. 4 shows g-globulin peaks at m/z
148,194 (175) aswell as a doubly charged ion atm/z 74,385 (86).
In addition to these, cleavage products of the g-globulin were
observed (m/z 136,402 and 124,488) that increase in intensity with
time and temperature whilst a diminishing g-globulin signal can
be observed. These signals are already barely visible from day 0,
but are noticeable on the targets after 26 days, after which two
cleavages can be observed. This trend is even more pronounced on
targets stored at RT, where two other – very weak – signals were
found, atm/z 112,884 and 100,995. The results correlatewith those
found in literature [21] and – among other effects – can be
attributed for example to partial hydrolysis.
These trends verify observations made for the other proteins as
well as the peptide calibration mix. The MALDI mass spectra from
g-globulin samples stored at 20 C and 80 C resemble each
other closely (undiluted and 1:10 dilution). The proteins tested for
archiving showed a range from completely stable for the allotted
time (six months) to showing heavy degradation within the ﬁrst
month (g-globulin).
[(Fig._2)TD$FIG]
Fig. 2. Positive ionMALDI mass spectra of 5 fmol peptide calibrationmix (absolute amount on target) stored at RT (open and in a sealed pouch), at80 C and at20 C (both
in sealed pouches) acquired after 0, 26, 61, 87, 117, 153 and 181 days. m/z range shown is 1000–2700.
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3.3. Protein digests (PMF)
The protein digests of BSA and fetuin proved to be good
indicators for storage stability testing as these are complex
samples where degradation may hinder identiﬁcation of the
digested protein. The 1:10 dilutions of the two digests were used
for further investigation. The MASCOT score of the PMFs acquired
from digested proteins was used as an indicator of the quality of
[(Fig._3)TD$FIG]
Fig. 3. Molecular ion region of positive ion mass spectra of 1:10 (v/v) diluted solution of ferredoxin deposited on target stored at 20 C (sealed pouch) and at RT (open
system) acquired after 0, 26, 61, 87, 117, 153 and 181 days. m/z range shown is 9000–12,500.
[(Fig._4)TD$FIG]
Fig. 4. Positive ion MALDI mass spectra of 1:10 (v/v) diluted solution of g-globulin deposited on target stored at 80 C (sealed pouch) and RT (open system) were acquired
after 0, 26, 61, 87, 117, 153 and 181 days. m/z range shown is 60,000–165,000.
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the archiving process, as smaller peaks vanished into the noise
aftermonths of storage, altering the score. TheMASCOTscore value
takes into consideration the number of peaks that was entered and
the number of peaks that were matched to peptides from the
theoretical digest. Disappearing contaminations can, thus, for
example increase the score. Vanishing meaningful peptides on the
other hand will decrease the overall score. Results above a score of
60 are considered signiﬁcant.
The BSA digest at the start of the experiment encompassed
24 peaks at an S/N ratio of 10 to 1, of which 15 were matches and
covered 22% of the sequence. This produced a score of 123. The
score of the samples stored at different conditions were plotted
over the course of time, which can be seen in Fig. 5(a).
As with all MALDI mass spectrometry data, mass spectra do
vary according to the distribution of the sample in the preparation
among other things, which is why a quantitative approach to this
technique is challenging with a reasonable expense. Based on that
statement, signals on the threshold of inclusion in the peak list due
to their weak intensity may appear in one mass spectrum of the
same storage condition and concentration whilst missing in
another. Of the three preparations per storage condition and time
point, the most intense (in terms of absolute mV value) mass
spectrum was selected for this task, hoping to include the highest
number of analyte peaks, which is why the scores visualized in
Fig. 5(a) and (b) do contain ﬂuctuations. Thus, the general trend
should be considered for any assertion instead any single point of
data. The variance in the data is illustrated in Fig. 5(c) for the
storage of fetuin digest at80 C. The diagramcontains the average
MASCOT score values and the standard deviation of three samples
per month. It should be noted that average of month 1 and 2 only
contain two scores each instead of three, because one preparation
in each of these months failed to yield usable data. While under
normal circumstances an average of multiple measurements
should be used, in this instance only the mass spectra of the
highest quality (e.g., those exhibiting themost information) should
be used after archiving. This is the reason why in (a) and (b) only
the most intense mass spectra were used.
The targets stored at 80 C shows an interesting development
over the months. Although the scores from +4 C and 20 C are
almost on par with the 80 C stored samples for the ﬁrst two
months, the coldest storage condition proves to be best archiving
protein digests. The RT stored which was in a sealed pouch
appeared to have reached a stable condition after 3 months and
while ranging after that time in scores between 60 and 80, an
identiﬁcation of the protein could still be made. This, however,
does not hold true for the samples which had contact with the
atmosphere, which repeatedly dropped below a score of 60 after
4 months.
In the mass spectra of the fetuin digest 12 peptides were
identiﬁed by MASCOT. Peaks from known contaminants [16]
(matrix clusters, autotryptic peptides, alkali adducts, . . . ) were
eliminated from the peak list prior to submitting to MASCOT
search. The 12 identiﬁed peaks cover 43% of fetuin’s sequence,
resulting in a score of 97. Over the course of time (Fig. 5(b)), a
steady decrease of the score value is found for the open storage at
RT, dropping to score of 65 after 4 months and 68 after 6 months.
No usable data was found for these storage conditions after
5 months. Other storage conditions, including RT in a sealed pouch
(score value 96), yielded comparable results after 6months.80 C
samples delivered a score value of 89, 20 C a score value of
94 and samples stored at +4 C even a score value of 99. It has to be
concluded that up and downs during duration of the experiment
were evident. Especially the +4 C stored target showed a
downward trend until the last month, when the score value
improved from 78 (5th month) to 99. This observation can be
explained by how the MASCOT search algorithm calculates the
identiﬁcation score value [17].While the number ofmatched peaks
increases the score value, the number of unmatched peaks affects
the score negatively. This means that if unmatched peaks are
declining over time, the score value will increase.
4. Conclusions
The results that this investigation generated were quite
surprising. It was not expected to still be able to see the peaks
associated with the tested analytes (proteins, peptides and protein
digests) after sixmonths incorporated into theMALDIMSmatrix at
[(Fig._5)TD$FIG]
Fig. 5. Achieved MASCOT score values of BSA (a) and fetuin (b) digests archived at
various storage conditions andmeasured atmonthly intervals; (a) and (b) represent
highest achieved MASCOT score values, (c) shows the obtained average MASCOT
score values (with standard deviation) of fetuin digest stored at 80 C (sealed
pouch).
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RT. While a decrease in signal intensity is clearly visible, the peaks
were very well distinguishable from the background of the MS
measurement. The best results were clearly seen in case of storage
at the lowest temperatures. We could show clearly that storage of
important samples related to protein investigations and to
proteomic studies on the polymer-based nano-coated MALDI MS
target on a long term basis is feasible at 20 C and 80 C, if the
targets are sealed in a pouch to protect them from humidity and
oxidation. In all cases, though, the samples stored at subzero
temperatures fared quite better than their counterparts stored at
above zero temperatures. Short time storage in the tested MALDI
MS matrices, e.g., over the weekend at +4 C seems also possible
without any adverse effects. It is advisable to prepare and usemore
than one sample spot from one sample if possible, as unusable
preparations can occur which is well-known in MALDI MS sample
preparation, especially on large scale testing as was done here.
Finally, the polymer-based nanocoated MALDI MS target
(particular in its microscopic format allowing the easy removal
from the storage system without impacting other stored samples)
applied in this investigation proved to be usable for archiving
purposes and on MALDI MS devices from different vendors. The
low cost (compared to full metal sample targets) of this disposable
MALDI MS target makes the device a very convenient platform for
long time storage of important proteomic and protein samples. The
reanalysis of unused MALDI MS preparations will allow the better
optimization of the delay time for a particular m/z range, the MS/
MS or post source decay fragment analysis of sequence tags (i.e.,
improved conﬁdence inprotein identiﬁcation) or post translational
modiﬁcations. Additionally the MALDI MS sample preparations
can be performed immediately after the sample generation and
later after sample storage the analyses can be performed in one
step.
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